The mannitol-specific enzyme II (EIIlmt) of the phosphoenolpyruvate-dependent sugar phosphotransferase system (PTS) in Escherichia coli catalyzes, in combination with heat-stable protein (HPr) and enzyme I (El), the uptake and concomitant phosphorylation of D-mannitol (1, 2) . It was the first PTS Eli to be purified (3), functionally reconstituted in liposomes (4, 5) , and physicochemically analyzed (6) (7) (8) (9) (10) (11) . It has been the subject of several kinetic studies (12, 13) . In addition, the structural gene (mtlA) has been sequenced (14) and genetically analyzed (15, 16) . EIItl, therefore, represents an attractive and important model for studying structure-function relationships of the mechanism of sugar transport. The availability of a regulated expression system to produce large amounts of protein would contribute significantly to these investigations. We report here on the highlevel expression and recovery of active EIImtl from a mutagenesis/expression phagemid system in E. coli.
MATERIALS AND METHODS
Materials. Q and S Sepharose Fast Flow, hexylagarose, Lubrol PX, sodium deoxycholate, and phosphoenolpyruvate were purchased from Sigma. Goat anti-rabbit IgG-horseradish peroxidase conjugate and reagents for color development were from Bio-Rad. D-[14C]Mannitol (56 mCi/mmol; 1 mCi = 37 MBq) was from Amersham. The nonionic detergent decyl-PEG was obtained from B. Kwant (Department of Chemistry, University of Groningen). The El and HPr components of the PTS were purified as described (17) . Restriction enzymes and phage T4 DNA ligase were obtained from (21) . Plasmid pASL was a pACYC184 derivative containing the mtlA structural gene and its promoter (Pmtj). Small-and large-scale plasmid isolations, restriction and ligation of DNA, and transformations of bacteria were carried out as described (22 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact.
conjugate, as described (10) . Protein was determined by the method of Bradford (24) with bovine serum albumin as a standard.
Growth and Selection Conditions for EII"l' Expression. After transformation of the recombinant plasmids into various host strains, the bacteria were selected on plates for the antibiotic-resistance markers (ampicillin, 100 ,g/ml, and chloramphenicol, 25 Ag/ml) and for sugar fermentation on
McConkey base indicator plates (Difco) containing 0.2% mannitol. TY (Bacto-tryptone-yeast, with NaCl) supplemented with ampicillin (100 ,xg/ml) was used as the complex medium. For overexpression, 250-ml cultures were grown aerobically at 30'C to mid-or late-exponential phase (OD6,o of 0.6-1.0). The inactivation of the temperature-sensitive c1857 repressor and the concomitant induction of the A PR promoter was achieved by addition of an equal volume of fresh 530C medium followed by growth at 42TC. At the appropriate time after induction, the culture was harvested (14,000 x g for 10 min) and washed in buffer A (50 mM Tris HCI, pH 7.5/50 mM NaCl/1 mM EDTA/1 mM dithiothreitol/1 mM phenylmethanesulfonyl fluoride) and pelleted.
Preparation of Cell Fractions. The pelleted cells (5 g, wet weight) were resuspended in 50 ml of buffer A and passed through a French pressure cell at 8000-10,000 psi (1 psi = 6.89 kPa). The cell debris, containing the inclusion bodies, was removed by centrifugation at 24,000 X g for 10 min and resuspended in 5 ml of buffer A. The membrane fraction was collected by centrifugation of the resulting supernatant at 200,000 x g for 60 min and resuspended in 5 ml of buffer A. The supernatant from this step and the above-mentioned fractions were stored in small aliquots in liquid nitrogen until used. In the second method, the cells were resuspended in 50 ml of buffer A with lysozyme (1 mg/ml), kept on ice for 30 min, and ruptured by sonication (six times, 20 sec each; Vibrocell, Sonics and Materials, Danbury, CT; output control setting: g at maximum output). The broken-cell suspension was then centrifuged at 20,000 x g for 5 min. The supernatant was collected and the pelleted cell debris was resuspended in 25 ml of buffer A. Both fractions were stored in liquid nitrogen until used.
Extraction of EIll". Solubilization or extraction of EII1 from the above fractions was achieved by mixing 0.5-ml volumes with an equal bed-volume of Q or S Sepharose Fast Flow or hexylagarose equilibrated in buffer A supplemented with 0.5% deoxycholate, Lubrol PX, or decyl-PEG and shaking the suspensions gently at 4°C overnight (25) . The suspensions were then centrifuged to remove the resins. The pelleted resins were resuspended in buffer A containing the same detergents and 0.5 M NaCl and were shaken overnight at 4°C for elution ofadsorbed EIImtl. All 
RESULTS
Overexpression ofElimf. Two plasmids containing the mtlA gene were constructed for use in this study (Fig. 1) the relatively high EIImtI content in the cell debris pellet after a low-speed centrifugation step (Fig. 2, lane 1) . The enzyme could also be sequestered in incorrectly folded inactive protein patches in the cytoplasmic membrane or in the intracellular membranous structures seen in Fig. 4B . This could explain the high enzyme content in the membrane fraction (Fig. 2, lane 3) . We cannot rule out the possibility that the membrane fraction was contaminated by small aggregates after the second high-speed centrifugation step. A dramatic increase of intracellular membranous structures (Fig. 4B ) always accompanied the induction and expression of the enzyme; this was never noticed in the control cells harboring the parental plasmids pMa5-8 or pJRD187.
Recovery of Active Elimfi. Inactive EIImtI was recovered in an active form by the procedure of Hoess et al. (25) . Both ion-exchange resins, Q and S Sepharose Fast Flow, were able Previous measurements have shown that no EIII'I activity is found in the supernatant after the 200,000 x g step to remove cytoplasmic membranes from a crude cell extract. ND, not determined in this series of experiments.
to enhance the recovery to approximately the same extent in the presence of the detergent deoxycholate or Lubrol PX. Table 2 presents the data for recovery from S Sepharose. A 10-fold increase of active EII from the membrane vesicle fraction was achieved compared to the starting material, while from the cell debris fraction ofthe lysozyme/sonication preparation a 27-fold increase of active EII could be obtained by exposure to either Q or S Sepharose in buffer containing 0.5% deoxycholate or 0.5% Lubrol, but not by the detergentcontaining buffer alone. Incubation periods of 4, 16, and 48 hr were checked to improve the yield of active enzyme in the supernatants; the overnight incubation period, 16 hr, gave the best results. A 5-fold increase of the resins or repeated extraction of the fractions with the resins did not further improve the total yield of EII`tl in the supernatant. Irrespective of the ion-exchange resin used, Q or S Sepharose, most of the total EII activity recovered was free in the supernatant and some (10%) was bound to the resin. The latter portion could be eluted with 0.5 M NaCl. The values given in Table  2 are the sum of the activities ofthe supernatants-that which did not bind to the resin plus that which was eluted from the resin with 0.5 M NaCl. All fractions gave an increase in EII'' activity after extraction with buffer A containing Q or S Sepharose and 0.5% deoxycholate or Lubrol. The membrane fraction, however, showed the highest increase. Treatment of the different fractions with a hydrophobicinteraction resin, hexylagarose, in buffer A containing deoxycholate, Lubrol, or decyl-PEG left the enzyme mostly in the inactive form. DISCUSSION Our main objective was to establish a regulated expression system for the overproduction of EIImtl in E. coli. We chose the thermoinducible A promoter system for overproduction, because it has a stringent regulation, simple induction, and high promoter strength (18, 27) and because "snake formation" (i.e., incompletely dividing cells) and subsequent cell lysis were observed during the continuous overproduction of EIMmP (15, 18) . Furthermore, overproduction of f-glucosidespecific EII under the control of a tightly regulated A promoter was reported to occur without severe cell-lysis problems (28) . We constructed two expression vectors, pWAMaPr and pJRDA, that contained the A c1857 repressor-PR promoter cassette. The expression vector pWAMaPr, based on the mutagenesis vector pMa5-8, also contains an fl origin for single-stranded DNA replication and an amber mutation in the chloramphenicol-resistance marker necessary for sitedirected mutagenesis applications. Both EIItl would be nonspecifically complexed with positively charged components. The large increase of activity from the membrane fraction could be due to correctly folded enzyme that is aggregated in the membrane but that dissociates to the active state in the presence of detergent under the influence of ion-exchange resins. The presence ofdetergent only or the mechanical forces of agitation in the presence of resin is not sufficient to account for the activation, since reactivation was not observed using hexylagarose and detergents. In some expression experiments the activity in the membrane vesicle and cell debris pellet was increased 10-to 25-fold even before the resin extraction treatment and could not be improved further by the resin procedure. This variation in activity of the starting material after overproduction and preparation of the different cell fractions may be due to slightly different expression levels, time of expression, or storage factors such as freezing and thawing before assaying the activity. Recovery of active enzyme from inactive aggregates has been shown to be possible in some cases after treatment with ion-exchange resins in combination with detergent (25) . We show here that it is also possible to recover considerable EIIm't activity from inactive material in different cell fractions after treatment with ion-exchange resins and detergents. 
